Abstract-This paper introduces a new computational methodology to model muscle contraction process as a biorobotic process using agent technology. In this work, we have focused on muscle myosin nanomotor as the driven motor of muscles and introduced the nanomotor as a physical intelligent agent. Then, the mechanism of the nanomotor was specified using subsumption architecture of agent technology and modeled with the Finite State Machine (FSM) diagram of Unified Modeling Language (UML). The proposed agent-based FSM model of the mechanism of muscle myosin nanomotor illustrated the internal intelligent and autonomous decision-making process of the nanomotor as a robot mechanism. In order to verify the proposed agent-based FSM model of the mechanism of the nanomotor, we developed its mathematical definitions (its Deterministic Finite Automaton (DFA) and grammar) and compared them with the natural behavior of the nanomotor inside the muscle cells. The comparison results indicated that the mechanism of muscle myosin nanomotor could be defined as a robot mechanism with its inputs, internal decision-making process, and outputs. As muscle contraction process is a set of the mechanisms of muscle myosin nanomotors, our proposed agent-based model of the mechanism of the nanomotor can introduce muscle contraction process as a general bio-robotic process.
INTRODUCTION
Bio-robotic systems are the state of the art in robotics, engineering, medicine, and vast variety of sciences. Bio-robotic systems are robotic systems situated in natural environments and generally made out of biological elements as their components [1] [2] [3] [4] [5] [6] . One general group of these components can be found in the muscles of organisms as muscle myosin nanomotors. Muscle myosin nanomotors are important components of the muscles and responsible for muscle contractions [2, 5] . Due to the potential applications of muscle myosin nanomotor in future bio-robotic systems, muscle contraction process can be investigated as a process of a biorobotic system. In order to achieve in investigation on muscle contraction process as a bio-robotic system's process, we need to understand the intelligence of muscle components during the process. Computational modeling techniques can facilitate understanding of the intelligence of muscle components during muscle contraction process. Recently, computational studies on muscle contraction process and muscle myosin nanomotor have investigated some detailed aspects of the process as well as the structural and behavioral properties of the nanomotor [7, 8] . However, a comprehensive computational model of muscle contraction process that can model the process as a process of a bio-robotic system has not been considered yet. In this paper, we focus on the mechanism of muscle myosin nanomotor as the driven motor of muscles and develop a comprehensive computational model of its mechanism using agent technology. Agent technology is a computing field that defines each system component as an intelligent agent [9] . In this study, at first, we employ agent technology and introduce muscle myosin nanomotor as a physical intelligent agent. Based on the introduced agent approach of muscle myosin nanomotor, the computational model of the mechanism of the nanomotor is developed. This agent-based model of the mechanism of the nanomotor demonstrates the internal intelligent and autonomous decision making process of the nanomotor as a bio-robot's mechanism. The accuracy of the designed agentbased model is validated with comparing the mathematical definition of the model to the introduced physical agent of the nanomotor. As muscle contraction process is a result of many muscle myosin nanomotors mechanisms, muscle contraction process can be introduced as a general bio-robotic process.
II. BACKGROUND
Muscle myosin nanomotors move along actin filaments in a linear fashion and drive muscle contractions in muscles of organisms [2] . Muscle myosin nanomotor is powered by converting chemical energy into mechanical work through the hydrolysis of adenosine-5ǯ-triphosphate (ATP), into adenosine-5ǯ-diphosphate (ADP) and inorganic phosphate (P i ) [6] . The results of electron microscopy studies of skeletal muscle myosin nanomotor indicate that the nanomotor is a two-headed protein dimer linked together via a neck at the long stalk [6] ( Fig. 1) . Muscle myosin nanomotor has two hinge points in its structure which have important roles in its function as follows: (1) trypsin which is located on the long stalk of muscle myosin nanomotor and cleaves the nanomotor into two heavy meromyosin (HMM) and light meromyosin (LMM) portions, and (2) papain which cleaves the HMM into two subfragments 1 (S1s) and a subfragment 2 (S2) [10] (Fig. 1) . These two hinge points have key roles in muscle contraction process. In muscle contraction process two kinds of filaments, thin and thick filaments, interfere which lie parallel to each other. The LMM domains of many muscle myosin nanomotors wind together to form thick filaments, while at the trypsin hinge point the HMM domains of the nanomotors emerge from the main axis of thick filaments and bring the myosin heads close to thin filaments [5] . Muscle contraction occurs when thin and thick filaments slide past each other (Fig. 2 ). For simplicity, Fig. 2 illustrates the movement mechanism of one head of muscle myosin nanomotor in muscle contraction process. As it can be seen from Fig. 2 , the motion of muscle myosin nanomotor begins when the head of the nanomotor is in the ADP form and bound to actin filament. The exchange of ADP for ATP results in the detaching of myosin head from actin filament. Then, ATPhydrolysis occurs and allows the myosin head to rebind weakly at a site displaced along the actin filament. Then, P i releases and leads to a conformational change that strengthens the binding of myosin head to actin filament and allows the neck to move back to its initial position. Therefore, the movement of muscle myosin nanomotor is accomplished and the cycle repeats again. This process is performed multiple times until the desired muscle contraction is obtained [5] . The functionality of skeletal muscle myosin nanomotor investigated in vitro and resulted that the nanomotor was able to move actin filaments at a velocity of about 3-4 ȝm per second in the presence of ATP [11] . Also, the steps size was reported fairly uniform with an average size of 11 nm under conditions of low load [12] . Muscle contraction process is also regulated by Ca 2+ ions [13] . In the absence of Ca 2+ , actin-myosin interaction is inhibited and muscle is at rest. However, with increasing the Ca 2+ concentration, the myosin head can bind to actin filament and drive muscle contraction process. The represented background of muscle myosin nanomotor and muscle contraction process indicates that muscle contraction process can be a process of a bio-robotic system with direct converting of chemical energy into mechanical work rather than via an intermediate energy and autonomously activating/inactivating. 
III. MUSCLE MYOSIN NANOMOTOR AS A PHYSICAL AGENT
Artificial intelligence uses agent technology as an emerging computational technology for representing the real-world systems. Intelligent agent (hereafter agent) is an autonomous entity which senses its environment through its sensors, makes decision internally, and acts upon the environment through its actuators in order to achieve to its delegated goals [14] . Four kinds of general capabilities have been reported for an agent as follows: (1) autonomy, (2) reactivity, (3) pro-activity, and (4) sociality [14, 15] . The four general agent-based characteristics of muscle myosin nanomotor can be defined as follows: (1) autonomy: muscle myosin nanomotor is able to start muscle contraction process autonomously with receiving of ATP in the presence of Ca 2+ for actin filament and autonomously activate/inactivate muscles, (2) reactivity: muscle myosin nanomotor perceives the environment through sensing actin filament, ATP, and other muscle myosin nanomotors in order to accomplish muscle contraction cycles, (3) pro-activity: muscle myosin nanomotor activates/inactivates muscles in order to accomplish muscle contraction process, and (4) sociality: the LMM domains of many myosin nanomotors bind together and form chick filaments to interact with actin filaments and accomplish muscle contraction process. Thus, the nanomotor can be defined as a physical agent that interacts with its cell as its environment through its sensors and actuators. According to these definitions of the agent-based capabilities of muscle myosin nanomotor, the heads and LMM of the nanomotor can be introduced as its sensors as the nanomotor perceives ATP, actin, and LMM domains of other nanomotors through them. On the other hand, as the nanomotor generates two possible outputs, moving or not moving, the HMM of the nanomotor can be introduced as its actuator. Thus, muscle contraction process can be defined as an intelligent and autonomous process which is the result of the mechanisms of its physical agents. In this work we focus on the autonomy, reactivity, and pro-activity capabilities of muscle myosin nanomotor to propose an agent-based model of the mechanism of the nanomotor based on its perceived inputs and generated outputs.
IV. COMPUTATIONAL MODELING OF MUSCLE CONTRACTION PROCESS
Recently, computational studies on muscle contraction process and muscle myosin nanomotor have investigated some detailed aspects of the process as well as the structural and behavioral properties of the nanomotor [7, 8] . For instance, structural and sequence analysis, interactional analysis, and thermodynamic characterization were applied for computational modeling and simulation of biomolecular motors (e.g. myosin, kinesin, and dynein) by Shwetha et al. [7] . Their results effectively supported that these molecular motors could be applied as the source of driving force for designing of biomolecular systems. Also, Yu et al. [8] combined a range of computational techniques including targeted molecular dynamics, normal mode analysis, and statistical coupling analysis in order to identify a set of important residues which were important in potential efficiency of muscle myosin nanomotor. However, a comprehensive computational model of muscle contraction process that can model the process as a process of a bio-robotic system has not been considered yet. Therefore, in this paper, we have developed a comprehensive model of muscle contraction process as a bio-robotic process with its inputs, decision-making process, and outputs using agent technology. As agent-based modeling represents system components as agents, we have focused on muscle myosin nanomotor as a physical agent component of muscles. In general, our proposed agent-based model introduces muscle myosin nanomotor as a bio-robotic system and muscle contraction process as a bio-robotic process. As biological systems have several complex mechanical properties, the whole autonomous and intelligent mechanisms of them are difficult to fully understand. Therefore, we have used the concept of the adjustable autonomy [14] , based on the introduced physical agent approach of the nanomotor in previous section, in order to represent an agent-based model of the mechanism of individual muscle myosin nanomotor.
In order to model agent-based systems, the Unified Modeling Language (UML) has been introduced as a graphical modeling language [16] . Therefore, in this paper, we apply Finite State Machine (FSM) diagram of UML and introduce an agent-based model of the mechanism of muscle myosin nanomotor which illustrates the internal decision-making process of the nanomotor as a robot mechanism. The internal decision-making process of the nanomotor demonstrates how the nanomotor autonomously responds to the perceived inputs of its sensors (its heads and LMM) with the generated actions of its actuator (its HMM). The FSM diagram provides a graphical way to abstract mechanism of a system through finite state transitions [16] . In order to design the FSM diagram of muscle myosin nanomotor, its mechanism should be represented as a set of rules. The rule-based mechanism of muscle myosin nanomotor can be presented using subsumption agent architecture reported by Brook et al. [17] . This is due to that the mechanism of muscle myosin nanomotor is in good agreement with two key ideas of subsumption agent architecture as follows: (1) muscle myosin nanomotor is situated in the real-world, and (2) the intelligence of the nanomotor emerges from its interaction with the cell. The subsumption agent architecture represents the internal decisionmaking process of an agent as a set of hierarchal "situation AE action" rules [17] . Therefore, the mechanism of muscle myosin nanomotor, as a physical agent, can be specified with the following hierarchy rules of the subsumption architecture: if (muscle is at rest) (5.1) then the nanomotor stays at the rest state; if ((muscle is at rest) and (5.2) (ATP and Ca 2+ are available simultaneously)) then the head is detached from actin filament.
In behavior (5.1), the rest state of the nanomotor is to bind to actin filament in ADP form tightly. Behavior (5.2) is the start of emergent behavior of the nanomotor. Behaviors (5.1) and (5.2) ensure that the nanomotor is able to perceive the cell using its sensors and start muscle contraction process autonomously. Then, behavior (5. This hierarchy of subsumption rules indicates the priority in selection of the rules to act by muscle myosin nanomotor in response to its cell. Then, based on these specified subsumption hierarchical rules of muscle myosin nanomotor, we have developed the agent-based model of the mechanism of the nanomotor using FSM diagram of UML (Fig. 3) . According to Fig. 3 , the agent-based FSM model shows how muscle myosin nanomotor responds to its perceived inputs through generating actions based on its internal state. In fact, this agent-based FSM model of the mechanism of the nanomotor illustrates the internal intelligent decision-making process of the nanomotor as a bio-robotic system's mechanism which autonomously links the perceived inputs of its sensors to the generated actions of its actuator. Through realizing the internal decision-making process of muscle myosin nanomotor we can define the nanomotor as a bio-robotic system within the cells. In this way, the proposed agent-based model can also facilitate the understanding of muscle contraction process as a general bio-robotic process.
In order to verify the proposed agent-based FSM model of the mechanism of muscle myosin nanomotor we use the mathematical definition of FSM [18] . Also, the proposed FSM model of the mechanism of muscle myosin nanomotor is a Deterministic Finite Automaton (DFA). DFA is a quintuple M = (Q, Ȉ, į, q 0 , F), where Q and letters a Ȉ [19] . As the agent-based FSM model of the mechanism of muscle myosin nanomotor is in agreement with this equation between FSM and DFA, the proposed FSM model of the mechanism of the nanomotor is a DFA. Therefore, we have mapped the proposed FSM model of the mechanism of muscle myosin nanomotor into its DFA mathematical definition. The quintuple DFA of the mechanism of muscle myosin nanomotor, M Muscle-myosin = (Q, Ȉ, į, q 0 , F), is defined as follows:
(1) Q = {q 0 : the nanomotor is tightly bound to actin filament in ADP form, q 1 : the head of the nanomotor is detached from actin filament, q 2 : ATP hydrolysis occurs}, Based on the introduced quintuple M Muscle-myosin = (Q, Ȉ, į, q 0 , F) model of the mechanism of muscle myosin nanomotor, we have developed the DFA model of the mechanism of the nanomotor (Fig. 4) . The developed DFA model, M Muscle-myosin , indicates that muscle myosin nanomotor autonomously starts its emergent mechanism when received ATP from its cell and Ca 2+ bound to actin filament simultaneously (as c Ȉ in q 0 Q of M Muscle-myosin ). Then, the nanomotor continues its intelligent and autonomous mechanism with receiving new inputs and changing its internal state until accomplishing muscle contraction cycle (in q 0 F of M Muscle-myosin ). As q 0 F of M Muscle-myosin , it can be concluded that the agent-based M Muscle-myosin model only accepts the input strings which are equivalent to the natural mechanism of the nanomotor. Also, as each FSM has its respective grammar [20] , we have proposed the respective grammar of M Muscle-myosin , G Muscle-myosin , as follow:
where Ȝ denotes the empty string. The first rule of G Muscle-myosin represents that muscle myosin nanomotor stays in q 0 state until receiving ATP and binding of Ca 2+ to actin filament (as c Ȉ of G Muscle-myosin ) which causes transition to state q 1 . In q 1 state, using the second rule, the nanomotor's head interacts with actin filament (as d Ȉ of G Muscle-myosin ) which leads transition to state q 2 . Finally, the third rule shows that in q 2 state p i is released from the myosin head (as e Ȉ of G Muscle-myosin ) which leads transition to state q 0 . The outputs of each grammar are final strings which are composed of only input alphabet [20] . Also, a DFA accepts a string if the string is completely read and a final state in F reached. In this way, using the generated strings by G Muscle-myosin it would be possible to recognize whether a FSM is M Muscle-myosin or not. The generated strings of G Muscle-myosin have been demonstrated in Fig. 5 . In Fig. 5 , for simplicity, we have indicated only three levels of the outputs of G Muscle-myosin with generated final strings including Ȝ, a, b, aa, ab, ba, and bb. The generated final string Ȝ indicates that without any input from the cell muscle is at rest, internal state of the nanomotor is q 0 . In this way, Ȝ is acceptable by M Muscle-myosin because q 0 F. As the generated strings a, b, aa, ab, ba, and bb demonstrate that the head of the myosin nanomotor can receive ATP or Ca 2+ binds to actin filament for several times and separately, all of these final strings are acceptable by M Muscle-myosin . This is due to that the M Muscle-myosin can read these strings and stay in q 0 F without transition. According to Fig. 5 , the next level of the output of G Muscle-myosin will contain the following final strings: aaa, aab, aba, abb, baa, bab, bba, bbb, and cde. Similar to the previous level final strings, the generated final strings aaa, aab, aba, abb, baa, bab, bba, and bbb are also acceptable by M Musclemyosin . This is due to that with reading these strings by M Musclemyosin the internal state of the nanomotor stays in q 0 F. Also, the generated final string cde indicates that in the presence of ATP and Ca 2+ the nanomotor starts muscle contraction process and with the transition state sequence of q 0 ĺ q 1 ĺ q 2 ĺ q 0 accomplishes one muscle contraction cycle. As the muscle contraction cycle is completed in q 0 F, the generated final string cde is acceptable by M Muscle-myosin . In general, our proposed computational G Muscle-myosin can generate all the final strings which are equivalent to the generated natural events by the cell to muscle myosin nanomotor as well as the natural behaviors of the nanomotor. All of these generated outputs of G Muscle-myosin are acceptable by the proposed M Muscle-myosin model. This indicates that the developed computational M Muscle-myosin model accepts only the final strings which are equivalent to the generated natural events by the cell to muscle myosin nanomotor or the natural behaviors of the nanomotor. Also, the proposed computational M Muscle-myosin model demonstrates how muscle myosin nanomotor decides to select an action to do in response to the perceived input from the cell based on its internal state. In this way, our proposed M Muscle-myosin can be a computational model of the internal intelligent and autonomous decision-making process of muscle myosin nanomotor equivalent to the natural behavior of the nanomotor. Thus, the proposed computational agent-based M Muscle-myosin model of muscle myosin nanomotor indicates that the nanomotor behaves as a robotic system within cells through perceiving inputs from the cell, making decision to do actions, and generating actions upon the cell. The robot-based mechanisms of many muscle myosin nanomotors lead to muscle contraction process. Thus, the proposed graphical agent-based model can illustrate muscle contraction process as a general bio-robotic process with its inputs, internal decision-making process, and outputs.
V. CONCLUSIONS
In this paper, we have modeled muscle contraction process as a bio-robotic process using agent technology which has not been considered yet. As muscle contraction process is a combination of mechanisms of many muscle myosin nanomotors, we have focused on muscle myosin nanomotors as the driven motor of the muscle. At first, muscle myosin nanomotor was introduced as a physical agent. Then, we have employed subsumption architecture of agent technology and FSM diagram of UML to design the internal intelligent and autonomous decision-making process of muscle myosin nanomotor. In order to validate the proposed agent-based FSM model of the mechanism of muscle myosin nanomotor, the model was verified with its mathematical definitions which were developed as DFA, M Muscle-myosin , and its respective grammar, G Muscle-myosin . These definitions indicated that our proposed computational G Muscle-myosin generates the final strings which are equivalent to the occurred natural events by the cell to muscle myosin nanomotor as well as the natural behaviors of the nanomotor. Also, all of these generated strings of G Musclemyosin were acceptable by the developed computational M Musclemyosin model. Therefore, the results of the computational model introduced the nanomotor as a bio-robotic system within the cell with its heads and LMM as the sensors (to perceive inputs), internal decision-making process, and HMM as the actuator (to generate outputs). Thus, muscle contraction process can be defined as a general mechanism of a bio-robotic system which receives inputs, decides internally, and generates outputs. The advantage of using agent-based model of the mechanism of muscle myosin nanomotor is to illustrate a comprehensive machine-based approach of the internal decision-making process of the nanomotor. This agent-based model can be a complement to the advantages of the previously reported non-agent models of the nanomotor that illustrated the detailed behavioral aspects of the nanomotor. This work employed autonomy, reactivity, and pro-activity capabilities of individual muscle myosin nanomotor during muscle contraction process. A future study may consider the social capability of muscle myosin nanomotors in their multi-agent environment. Also, future works may consider the implementation of the proposed behavioral model of the nanomotor. Computational agent-based models of biological elements can facilitate the basis of constructing potential bioinspired robotic systems which may have many applications in vast variety of sciences and technologies.
